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Toxicology, Structure-Function Relation-
ship, and Human and Environmental
Health Impacts of Polychlorinated
Biphenyls: Progress and Problems
by Stephen Safe

Polychlorinated biphenyls (PCBs) are industrial compounds that have been detected as contaminants in almost every
component ofthe global ecosystem including the air, water, sediments, riu, and wildlife and human adipose tissue, milk,
and serum. PCBs in commercial products and environmental extracts are complex mixtures of isomers and congeners
that can now be analyzed on a congener-specific basis using high-resolution gas chromatographic analysis. PCBs are
metabolized prarily via mixed-function adxdaes intoa broadspectrum of m-tIbolites. The resuts indicate that metabolk
activation is not required for PCB toxicity, and the parent hydrocarbons are responsible for most of the biochemical and
toxic responses elicited by these compounds. Some of these responses include developmental and reproductive toxicity,
dermal toxicity, endocrine effects, hepatotoxicity, carcinogenesis, and the induction of diverse phase I and phase I drug-
metabolizing enzymes. Many of the effects observed for the commercial PCBs are similar to those reported for
2,3,7,-tetrachlorodibenzo-p-dioxin (TCDD) and related compounds. Strctur-function relaionships for PCB congeners
have identified two major stnctural classesofPCBs that elicit "TCDD-lik"' responses, namely, the coplanar PCBs (e.g.,
3,3',4A,'-tetraCB, 3,3' 4,4 ,5-pentaCB and 3,3',4,4,,5'-hexaCB) and their mono-ortho coplanar derivatives. These com-
pounds competitively bind to the TCDD or aryl hydrocarbon (Ah) receptor and exhibit Ah receptor agonist activity. In
addition, other structural dasses of PCBs elicit biochemical and toxic responses that are not mediated through the Ah
receptor. The shor-term effects of PCBs on occupationally exposed humans appear to be reversible, and no consistent
changes in overall mortality and cancer mortality have been reported. Recent studies have demonstrated that some
developmental deficits in infants and children correlated with in utero exposure to PCBs; however, the etiologic agent(s)
or structural clas ofPCBs responsible for these effects have not been dlinated. In contrast, based on a toxic equivalency
factor approach, the reproductive and developmental problems in certain wildlife populations appear to be related to the
TCDD-like PCB congeners.

Introduction
Polychlorinated biphenyls (PCBs) are industrial compounds

that are readily synthesized via the ferric ion or iron-catalyzed
chlorination ofbiphenyl (1-3). Commercial PCBs were manu-

factured by several companies and marketed worldwide under a
variety of trade names, which included Aroclor (Monsanto,
U.S.A. and United Kingdom), Clophen (Bayer, Germany),
Phenoclor and Pyralene (Prodelec, France), Kanechlor
(Kanegafuchi, Japan), Santotherm (Mitsubishi-Monsanto,
Japan), and Fenclor (Caifaro, Italy). In addition, these products
were also manufactured in the U.S.S.R. and Czechoslovakia.
Commercial PCBs are synthesized, graded, and marketed accor-

ding to their percentage by weight chlorine content. For exam-
ple, the commercial Aroclors named 1221,1232,1242,1248,1254,
1260,1262, and 1268 contain 21,32,42,48,54,60,62, and 68% by
weight chlorine, respectively, as indicated by the last two num-
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bers of their four-digit name. Aroclor 1016 is another PCB pro-
duct that resembles Aroclor 1242 in composition except that the
penta- and hexachlorobiphenyl components have been removed.
The chemical properties of the commercial PCB mixtures are

dependent on their degree ofchlorination; for example, the lower
chlorinated mixtures are mobile, colorless oils, whereas the
higher chlorinated Aroclors 1262 and 1268 are an immobile,
viscous liquid and an amorphous solid, respectively. The esti-
mated worldwide production of PCBs is approximately 1.5
million metric tons (2). The widespread industrial utilization of
PCB products was due to their variable physical properties (i.e.,
liquid to solid), chemical stability, dielectric properties, inflam-
mability, and miscibility with organic solvents. PCBs have been
used as heat transfer fluids, hydraulic lubricants, dielectric fluids
for transformers and capacitors, plasticizers, wax extenders,
adhesives, organic diluents, dedusting agents, pesticide ex-
tenders, cutting oils, carbonless reproducing paper and flame
retardants.The widespread use ofPCBs coupled with improper
disposal practices has resulted in their introduction into the en-
vironment. Moreover, due to the relative stability of the more
highly chlorinated PCBs and their lipophilicity, PCBs are widely
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distributed and transported throughout the environment, and
their residues have been identified in air, water, aquatic and
marine sediments, fish, and wildlife and human adipose tissue,
serum, and milk (2). PCBs, along with DDT and some of its
metabolites, are among the most widely identified organic con-
taminants found in extracts from almost all environmental
samples.

PCB Analysis and Environmental
Impact

The chlorination of biphenyl is not highly regiospecific and
results in the formation ofa complex mixture ofisomers and con-
geners (1,3). The composition ofthe different Aroclor mixtures
is dependent on their degree of chlorination because there is
generally an increase in the more highly chlorinated congeners
with increasing chlorination. Early analytical studies on com-
mercial PCBs using gas liquid chromatography (GLC) clearly
demonstrated both the complexity ofthese mixtures and the dif-
ferences in chromatographic patterns, which were dependent on
their degree of chlorination (1). The analysis of environmental
extracts by low-resolution packed column GLC utilizes specific
peaks present in the chromatograms ofthe commercial PCBs (or
reconstituted mixtures ofdifferent products) to estimate thePCB
levels (4). This method relies heavily on the limited pattern
recognition of selected peaks; however, in many cases the GLC
pattern of PCBs in many environmental extracts do not resem-
ble the corresponding patterns observed for any ofthe commer-
cial PCBs (5-9).
The problems associated with PCB analysis have been re-

solved with the development of high-resolution capillary col-
umns and the synthesis of all 209 PCB isomers and congeners as
reference standards (10). Safe and co-workers (6,11) first
described the high-resolution GLC analysis of a commercial
PCB, Aroclor 1260, and an extract from a compositehuman milk
sample. At least 88 different congeners were identified in
Aroclor 1260, whereas only 55 individual PCBs were identified
in the human milk sample. Surprisingly, 11% of the total PCBs
identified in the latter sample were the lower chlorinated 2,4,4'-
trichlorobiphenyl (triCB, 8.8%) and 2,4,4 5-tetrachlorobiphenyl
(tetraCB,2.2%), congeners that are minor to trace components
of Aroclor 1260. The reason for the persistence of the lower
chlorinated PCBs, particularly 2,4,4 '-triCB, in human tissues is
unknown. Several PCB congeners identified in the milk sample,
including 2,2 ',4,4 '5,5 '-hexachlorobiphenyl, (hexaCB),
2,2 '3,4,4 ',5 '-hexaCB, 2,2 ',3,3 4,4'5-hep tachlorobiphenyl
(heptaCB), and 2,2 '3,4,4',5,5 '-heptaCB, are major components
ofAroclor 1260.2,3,3 ',4,4 5-HexaCB is also a majorPCB com-
ponent of the human milk extract but is a minor component of
Aroclor 1260. It was also of interest to note that several PCB con-
geners that are major components (22.8% of total) of Aroclor
1260 [2,2 '3,5 ',6-pentaCB (2.7%); 2,2 '3,4'5 ',6-hexaCB (7.4%);
2,2 '3,4,5,5 ',6-heptaCB (4.1%); 2,2 3,3 4,5,6'-heptaCB (5.5%);
2,2 '3,3 '4,4 '5,6-octachlorobiphenyl (3.1%)] are present in on-
ly trace levels (0.81% of total) in the human milk extracts. With
the exception of 2,2 '3,3 '4,4' 5,6-octachlorobiphenyl, all, of
these compounds possess a 2,3,6-trichloro- or 2,5-dichloro-
substitution pattern on at least one of their phenyl rings and,

because of the two adjacent unsubstituted carbon atoms, rapid
metabolic degradation ofthe congeners would be expected (11 ) .
The failure of the octachlorobiphenyl to accumulate in humans
may be due to uptake factors, as the persistent higher chlorinated
PCBs (C18-C110) are not major contaminants in human tissues.

Schulz et al. (12) have recently reported the complete char-
acterization ofthe PCB congeners in Aroclors 1016, 1242, 1254,
and 1260, Clophens A30, A40, A50, and A60 by multidimen-
sional GLC-electron capture detection. A total of 132 ofthe 209
possible congeners were identified in these mixtures, and these
data will be useful for carrying out the unambiguous quantitative
analysis of PCBs in extracts from different environmental
matrices. Several studies have already reported the high-
resolution GLC analysis ofPCBs in the environment, and some
ofthe results were summarized by McFarland and Clarke (13).
The uptake and retention of individual PCB congeners is depen-
dent on the animal species and the congener composition of the
various local sources ofPCB contamination. Inspection of the
analytical data (13) indicates that there are major differences in
the PCB composition in fish, wildlife, and humans; however, the
congeners that appear most frequently in all analytes are
2,2 '3,4,4 ',5 '-hexaCB,2,2 ',4,4 ',5,5 '-hexaCB and 2,2 '3,4,4 ',5,5-
heptaCB. The potential adverse environmenta and human health
impacts of PCBs is dependent on several factors including the
overall levels of PCB exposure, the toxicities of the individual
congeners present in the mixture, and their interactive effects.
Some ofthese factors and their importance will be addressed in
this review.

Role of Metabolism in the Toxicity of
PCBs
The toxic effects elicited by many different structural classes

of chemicals require their metabolism into activated inter-
mediates, which subsequently alkylate critical cellular macro-
molecular targets (14,15). The metabolic activation process for
many different halogenated hydrocarbons often involves
cytochrome P450-dependent oxidation or transformation of the
hydrocarbon to form arene oxide or radical intermediates that are
capable of forming covalent adducts with cellular constituents.
Early studies with PCBs clearly demonstrated that these
hydrocarbons are converted into polar hydroxylated metabolites
and the results of studies with individual PCB congeners are con-
sistent with the metabolic scheme illustrated in Figure 1
(11,16-19). PCBs are substrates for P-450 enzyme-catalyzed ox-
idation into highly reactive arene oxide intermediates, which in
turn rearrange to give phenolic metabolites or are further
metabolized via various metabolic pathways. For example, epox-
ide hydrolase and glutathione S-transferases catalyze the conver-
sion ofarene oxides into dihydrodiols and glutathione conjugates,
respectively. In addition, the phenolic metabolites can undergo
further oxidative metabolism and/or conjugation, and gluta-
thione conjugates are precursors of a number of sulfur-
containing metabolites including the methylsulfonyl compounds.
The rate ofPCB metabolism and the regioselectivity ofthe in-

itial arene oxide formation are dependent on several factors,
which include a) the degree of ring chlorination, b) the chlorine
ring substitution pattern, and c) the pattern and levels of P-450
isozymes and other drug-metabolizing enzymes in the target
organ. For example, phenobarbital-induced P-4502 isozymes
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FIGURE 1. Proposed metabolic scheme for the PCBs.

catalyze the metabolism of dichlorobiphenyls with diortho
chlorine substitution, whereas P-4501 isozymes primarily
metabolize dichlorobiphenyls, which do not contain any ortho
chloro substituents. In contrast, mono-ortho-chloro-substituted
dichlorobiphenyls are metabolized by both induced P-4501 and
P-4502 isozymes (20). There is also evidence that PCBs may
also be oxidized via pathways that do not involve arene oxide in-
termediates (21).
The biochemical and toxic responses associated with PCB

metabolism have been investigated. The results ofin vivo and in
vitro studies show that PCBs form covalent adducts with cellular
macromolecules (protein, RNA, and DNA) and induce DNA
strand breaks and DNA repair (22-27). Presumably these events
are dependent on the metabolism of PCBs into intermediates
such as arene oxides, which alkylate cellular macromolecules.
In contrast, PCBs are not bacterial mutagens (28) and in many
cases those PCBs that are most readily metabolized are among
the least toxic members ofthis class ofcompounds. On balance,
it would appear that PCBs are not genotoxic and the metabolic
activation process per se does not play a significant role in the
toxicity of PCBs.

Several studies have demonstrated that the methylsulfonyl PCB
metabolites (29-33)exhibit some unusual biochemical proper-
ties. For example, methylfsulfonyl PCB metabolites bind to

uteroglobin, a progesterone-binding protein (34). In addition,
methylsulfonyl metabolites such as 4,4 '-bis(methylsulfonyl)-
2,2 '5,5 '-tetrachlorobiphenyl accumulate in lung tissue, where
it appears to bind with moderately high affinity to a lung-binding
protein (35). Methylsulfonyl metabolites have been identified in
human subjects and in relatively high levels in individuals ac-
cidently exposed to PCBs in the Yusho poisoning incident (36).
Because changes in lung capacity and function in humans has
been associated with PCB exposure (37), it has been suggested
that the methylsulfonyl PCB metabolites may play a role in the
etiology of this toxic response.

Hydroxylated PCB metabolites have been identified in wildlife
samples (38), and several in vitro studies have shown that these
compounds are potent inhibitors of mitochondrial oxidative
phosphorylation (39). However, a number of hydroxylated
metabolites ofsome ofthe more toxic PCB congeners (e.g., 3,3'
4,4 5-pentaCB) have been identified, subsequently administered
to laboratory animals, and shown to be relatively nontoxic.
(40-42).
Thus, although PCBs are metabolized, in part, through arene

oxide intermediates to give a number ofmetabolic products, the
evidence suggests that PCB metabolism serves primarily as a
detoxification process. These results imply that the toxic and
biochemical responses associated with exposure to PCB mix-
tures and congeners are primarily due to the parent hydrocar-
bons. This is in contrast to many other classes of xenobiotics in-
cluding chlorinated hydrocarbons and the halogenated benzenes,
in which metabolic activation plays a critical role in their toxicity
(14,15).

PCB Mixtures: Biochemical and Toxic
Responses
The toxic and carcinogenic responses elicited by commercial

PCB mixtures have been extensively investigated in laboratory
animals, mammalian cells in culture, and in exposed human
populations (3,43-47). The PCB-induced effects are dependent
on a number of factors including the age, sex, and species of the
test animals, the route of administration, the duration of ex-
posure, and the chlorine content of the PCB mixture. For exam-
ple, in Sprague-Dawley rats fed a diet ofAroclor 1260 for 2 years
(100 ppm for 16 months and 50 ppm for 8 months), the incidence
ofhepatocellular adenocarcinomas was 51% in female rats and
0% in male rats (48). Schaeffer and co-workers (49) used male
Wistar rats as model for determining the effects of chronic
feeding of 100ppm ofClophen A42 and Clophen AM0. After 800
days, the incidence ofhepatocellular carcinomas in the Clophen
A60, Clophen A30 and control rats was 61, 3, and 2%, respec-
tively. This study illustrated the significant differences between
the hepatocarcinogenicity ofthe more potent, higher chlorinated
Clophen A60 PCB (60% Cl by weight) versus the lower
chlorinated Clophen A30 (42% Cl by weight). Moreover,
because the chemical composition ofAroclor 1260 and Clophen
AO are similar, the results ofthe chronic feeding studies by Nor-
back and Weltman (48) and Schaeffer and co-workers (49) also
indicate intraspecies differences in male rat susceptibility to the
hepatocarcinogenicity of PCBs.
The acute, subacute, and subchronic toxic responses to com-

mercial PCBs are characterized by LD5o values that are usually
> 1000 mg/kg, an extensive array of hepatotoxic effects, body
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weight loss in some studies, some immunotoxicity and effects on
the gastrointestinal system, dermal lesions (primarily in pri-
mates), and developmental and reproductive toxicity. In chronic
feeding studies, most ofthe above toxic responses were observ-
ed; in addition, several studies have reported that PCBs ad-
ministered alone are carcinogenic, with the liver being the
primary target site (47-49). It has also been reported that mink
and monkeys were among the most sensitive species to the tox-
ic effects of commercial PCBs (50-53).
The biochemical properties ofPCB mixtures have also been

extensively investigated, and one of the hallmarks of PCB ex-
posure is the induction ofphase I and phase II drug-metabolizing
enzymes (43,46). For example, several commercial PCB mix-
tures induce the phase II enzyme systems, epoxide hydrolase,
glucuronosyl transferase, glutathione S-transferases and reduc-
tase (54-56). In addition, PCB mixtures induce a broad spectrum
of P450-dependent monooxygenase enzyme activities including
several polynuclear aromatic hydrocarbon hydroxylases, steroid
hydroxylases, O-dealkylases, several haloaromatic hydroxylases,
N-dealkylases, barbituate hydroxylases, and the oxidative
metabolism ofa host ofother substrates including aflatoxin, war-
farin, aldrin, acetanilide, etc. (43,46,5758). Early studies on the
effects of drug-metabolizing enzyme inducers showed that
phenobarbital (PB) and 3-methylcholanthrene (MC) were pro-
totypes of two different classes of mixed-function oxidase in-
ducers (59-61). In contrast, the induction activities ofcommer-
cial PCBs such as Aroclor 1254 resembled those ofPB plus MC
(coadministered), and Aroclor 1254 and other PCB mixtures
were designated as mixed-type inducers (62-64). Subsequent
research has shown that the differences in PB and MC as in-
ducers were due to their preferential induction ofdifferent P-450
isozymes (65-68) Phenobarbital induces CYP2B1 (P-450b) and
CYP2B2 (P-450e), MC induces CYPlAI (P-450c) and CYPLA2
(P-450d), and both chemicals induce low levels of CYP2A1
(P-450a). Not surprisingly, Aroclor 1254 induced all five P450
isozymes. It was therefore of interest to determine which PCB
congeners were responsible for not only for the induction ac-
tivities ofthe commercial PCB mixtures but also for the toxic ef-
fects elicited by the compounds.

PCB Congeners: Structure-Function
Relationships

The structure-activity relationships (SARs) for several dif-
ferent structural classes ofPCBs have been carried out, and the
results of these studies have delineated many of the PCB con-
geners that are responsible for the toxic and biochemical ac-
tivities associated with the commercial and environmental mix-
tures (69-73).

PCBs That Exhibit TCDD-like Activity
Coplanar Congeners. Structure-induction and structure-

toxicity relationships for PCBs have demonstrated that three PCB
congeners (Fig. 2), namely, 3,3',4,4 '-tetrachlorobiphenyl
(tetraCB), 3,3',4,4',5-pentachlorobiphenyl (pentaCB) and
3,3,4,4 ',5,5 '-hexachlorobiphenyl (hexaCB) elicit the same spec-
trum oftoxic and biochemical responses observed forTCDD and
related halogenated aromatic hydrocarbons (43,46,57,58,74-76).
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FIGURE 2. The structures of2,3,7,8-ICDD, the coplanar PCBs, and the derived
mono-ortho coplanar analogs.

As illustrated in Figure 2, in their coplanar conformation these
three congeners and 3,4,4 '5-tetraCB are approximate iso-
stereomers ofTCDD in which the Cl groups are substituted on-
ly in the lateral-(para and meta) positions. Structure-activity
studies have shown that two para (4 and 4 '), two or more meta
(3,3' and 5 ) and no ortho (2,2 ',6 and 6') substituents are re-
quired for maximum TCDD-like activities. The coplanar PCBs
competitively displace [3H]TCDD from the cytosolic Ah recep-
tor (77), and these compounds exhibit all the properties ofAh
receptor agonists including the induction of CYPlAl and
CYP1A2 (54).
Mono-ortho Coplanar Congeners. Aust and co-workers (78)

first demonstrated that the mono-ortho-substituted poly-
brominated biphenyl (PBB), 2,3 4,4 '5,5'-hexabromobi-
phenyl, resembled the commercial PBB mixture, FireMaster
BP-6, and Aroclor 1254 as a mixed-type inducer of rodent
hepatic drug-metabolizing enzymes. Subsequent studies showed
that all the mono-ortho coplanar PCBs (Fig. 2) were mixed-type
inducers and resembled Aroclor 1254 in their pattern of drug-
metabolizing enzyme induction (46,54,79-81). The mono-ortho
coplanar PCB congeners also competitively displaced [3H]
TCDD from the cytosolic Ah receptor (77), and the results of
limited studies have demonstrated that this structural class of
PCBs exhibits Ah receptor agonist activity (54,82-88). However,
quantitative SARs have shown that the relative Ah receptor bind-
ing affinities and Ah receptor agonist activities followed the
order TCDD > 3,3 '4,4 '5-pentaCB > 3,3 '4,4 '-tetraCB and
3,3 ',4,4 ',5,5 '-hexaCB > mono-ortho coplanar PCBs.
OtherPCBsAsAh ReceptorAgonists. At least tvo additional

structural classes of PCBs have been identified as Ah receptor
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agonists. The 17 di-ortho coplanar derivatives ofthe 4 coplanar
PCBs and 3,4,4 '-trichlorobiphenyl have been synthesized and
tested as inducers of rodent microsomal aryl hydrocarbon
hydroxylase (AHH) activity and the associated P-450 isozymes
(54,89,90). The results indicated that at relatively high doses,
most of the di-ortho coplanar PCBs that have been tested induce
AHH activity and appear to be weak Ah receptor agonists.
Limited studies have also demonstrated that some of these con-
geners elicit other TCDD-like responses; for example,
2,2 ',3,3 '4,4'-hexaCB and 2,2 ',3,4,4 ',5 '-hexaCB are por-
phyrinogenic in rodents, and 2,3 ',4,4 ',5 ,6-hexaCB induced
AHH activity and suppressed the splenic plaque-forming cell
response to sheep red blood cells in C57BL/6 mice (85,91). At
least one compound in this structural class, 2,2 ',4,4 ',5,5 '-hexa-
CB, was not an Ah receptor agonist and resembled PB in its pat-
tern ofdrug-metabolizing enzyme induction (54). Davis and Safe
(85) also reported that at least two congeners, 2,3,3 ',4,5 '-pen-
taCB and 2,3,3 ',4,5,5 '-hexa CB, are also immunotoxic in
C57BL/6 mice, and the former compound also induced hepatic
microsomal AHH activity. These congeners structurally resem-
ble mono-ortho coplanar PCBs in which one ofthepara substi-
tuents has been removed. These compounds and some ofthe di-
ortho coplanar PCB analogs exhibit low competitive binding af-
finities for the Ah receptor and exhibited potencies as Ah recep-
tor agonists that were considerably lower than the mono-ortho
coplanar PCBs.
Biochemicaland Toxic Responses ofPCBs That Do NotAct

through the Ah Receptor. There is interest by scientists and
regulatory agencies in regulating PCBs on a congener basis
(92,93). The identification and relative potencies for some of the
TCDD-like congeners have been determined in several in vivo
and in vitro bioassays [reviewed in Safe (46)]. However, any
scheme that is devised for congener-based regulation of PCBs
must also take into account the potential toxicities and adverse
human and environmental health effects of other structural
classes ofPCB congeners. It was apparent from the initial studies
with Aroclor 1254 that PCBs also resembled PB in their pattern
of drug-metabolizing enzyme induction. Moreover, several in-
dividual congeners, including 2,2 ',44 '-tetraCB and, 2,2 ',4,4 ',5,
5 '-hexaCB, have been characterized as pure PB-type inducers
and strucure-activity studies suggest that compounds substituted
in at least two para and two ortho substituents exhibit this type
of activity (95). A thorough study ofthe potential adverse health
effects of this class ofPCBs has not been determined. However,
like PB, these compounds cause hepatomegaly and exhibit activi-
ty as promoters in short-term bioassays for carcinogenesis. For
example, 2,2 ',4,4 ',5,5 '-hexaCB promotes diethylnitrosamine-
induced ATPase-deficient lesions in rat liver (95,96).

It has also been reported that other structural classes ofPCBs
are inducers of P-450 isozymes. For example, several highly
chlorinated congeners with two or more ortho substituents in-
duced CYP3A1 (P-450) in cultured rat hepatocytes (97). This
P-450 isozyme is classically induced by dexamethasone and
related glucocorticoids (96). The toxicological significance of
this PCB-induced biochemical response is unknown. Several
studies have reported the neurobehavioral toxicity ofcommer-
cial PCBs and individual congeners in rodents (98-106).
Although some ofthe observed responses have been associated
with 3,3 ',4,4'-tetraCB, a TCDD-like congener (102-104), the

neurotoxicity of other structural classes of PCBs have been
reported (105,106). For example, studies on the structure-
dependent decrease in the dopamine content ofPC12 cells show-
ed that the most active congener was 2,2 '-dechlorobiphenyl and
other congeners with relatively high ortho (two to three) andpara
(up to two) but low meta substitution were also active (106).
Many of the compounds that were active in the in vitro studies
also caused a similar decrease in the dopamine content in brain
tissue ofrodents and nonhuman primates (105). These data sug-
gest that some of these ortho-substituted PCBs may also play a
role in the toxicities elicited by PCB mixtures. The adverse en-
vironmental and human health impacts of these more highly
ortho-substituted PCB congeners are unknown and require fur-
ther investigation.

Human Health Effects of PCBs
The human health effects of PCBs have been reviewed

(45,107-110). Exposure of humans to relatively high levels of
PCBs has occurred primarily in individuals working in plants
that extensively used PCBs and PCB-containing equipment. Oc-
cupational exposure to PCBs can result in a broad spectrum of
symptoms which include elevated serum lipid levels, increased
levels of some serum enzymes, chloracne and related dermal le-
sions, possible hepatic damage, and respiratory problems
(37,111-116). It is noteworthy that the effects of PCBs were not
consistently observed in all the occupationally exposed workers,
and it is possible that some of the responses may be due to the
highly toxic polychlorinated dibenzofurans (PCDFs), which are
present as by-products in commercial PCBs (117,118). The acute
and subacute effects of PCBs associated with the Yusho and
Yucheng accidents in Japan and Taiwan, respectively, will not be
discussed in this review because the evidence suggests that the
toxic responses observed in the victims of these exposures were
due to the relatively high levels ofPCDFs that were identified as
by-products in the PCB-containing industrial fluid (119,120).

Epidemiological studies on several groups ofworkers occupa-
tionally exposed to PCBs have been reported (121-124). The
results from these studies were variable and did not show any
consistent trends with respect to overall mortality or deaths from
specific cancers. For example, in a study by Bertazzi and co-
workers (123) on a group of capacitor workers, cancer deaths
were elevated in the male and female workers and overall mor-
tality was also increased in the latter group. Their results sug-
gested that increased cancer in lymphatic and hemopoietic
tissues and the gastrointestinal tract were associated with PCB
exposure. In contrast, a second study (122) showed that there was
a decreased overall mortality and mortality from cancer in 2588
capacitor workers. There were some increases in specific
cancers in this group (e.g., liver, gall bladder, and biliary tract);
however, due to confounding factors it was difficult to associate
these specific cancers with PCB exposure. Thus, at the present
time, the results suggest that the adult human population most
highly exposed to PCBs does not show any consistent increase
in mortality or specific cancers. However, because most of the
epidemiology reports were limited due to the size of the study
group or the number of deaths, the long-term effect of occupa-
tional exposure to PCBs will require further monitoring of the
worker population. Interestingly, Taylor and co-workers
(125,126) have reported that small but significant decreases in
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birth weight were observed in infants born to women employed
in capacitor-manufacturing plants. This suggests that infants may
be at risk from in utero exposure to PCBs.
The effects of PCBs on infant growth and development have

been investigated in two populations, namely, a group ofchildren
in Michigan whose mothers consumed moderate quantities of
fish and a group ofNorth Carolina children (127,128). The levels
ofPCBs in both study groups were relatively low and resembl-
ed those observed in most normal populations. In one study
(128), birth weight, head circumference, and neonatal jaundice
showed no relationship to the levels ofPCBs or DDE in human
milk. In contrast, lower birth weights and a small head cir-
cumference correlated with PCB exposure as measured by fish
consumption or cord serum PCB levels (127). The reason for the
differences in the results of these studies have not been deter-
mined. Despite these differences, there were a number of
similarities between the results obtained from the Michigan and
North Carolina groups. Prenatal exposure to PCBs was cor-

related with poorer performance on the Brazleton Neonatal
Behavior Assessment Scale and on the psychomotor index of the
Bayley Scales ofInfant Development by infants from both study
groups (127-130). Moreover, in the Michigan fish-eating group,
exposure to PCBs (high cord serum levels or maternal fish con-
sumption) also correlated with poorer performance on Fagan's
Visual Recognition Memory Test (131). In a subsequent follow-
up study in the children at 4 years of age, the poorer short-term
verbal and quantitative memory function in both was related to
the PCB concentrations in cord serum (132). Moreover, their
growth rate and reduced activity based on composite ratings also
correlated with PCB levels (133).
Comparable effects on infant and child development have also

been observed in the offspring of women exposed to PCBs,
PCDFs, and related compounds in the Yucheng poisoning inci-
dent (134). There are several unresolved problems with respect
to the observed developmental deficits and the etiology ofthese
effects. For example, are the same developmental problems
associated with the Michigan, North Carolina, and Yucheng
groups; what is the duration of these effects; are these problems
in the Michigan and North Carolina children associated with
PCBs or an as yet unidentified group of lipophilic contaminants;
are the PCBs, PCDFs, or both groups of compounds etiologic
agents in the offspring of the Yucheng mothers; if the PCBs are

etiologic agents, are the developmental problems associated with
dioxinlike Ah receptor agonists or other structural classes of
PCBs? These questions must be addressed in order to resolve the
possible (but not proven) role ofPCBs on the health of a poten-
tially sensitive group: infants and children.

Risk Assessment of PCBs on a
Congener-Specific Basis: Develop-
ment of Toxic Equivalency Factors
The development of toxic equivalency factors (TEFs) for the

risk assessment of pentachlorodibenzo-p-dioxin (PCDD) and
PCDF mixtures has been adopted worldwide by several regula-
tory agencies (46,135-139). This approach takes advantage ofthe
common Ah receptor-mediated mechanism of action for the
PCDDs and PCDFs and uses the expected structure-activity
relationships for these congeners to determine their potencies

Ihble 1. Relative toxic potencies and proposed TEFs for PCB congeners (46).
Potency rangea

Congener (in vivo and in vitrv) TEFb
3.3 '4,4',5-PentaCB 0.3-0.0006 0.1
3,3'4,4 '55 '-Hexa CB 0.1-0.0012 0.05
3,3 '4,4 '-TetraCB 0.009-0.00008 0.01
Mono-ortho coplanar PCBs 0.00045-0.0000014 0.001
Di-ortho coplanar PCBs 0.00002 0.00002

Abbreviations: TEF, toxic equivalency factor; PCB, polychlorinated biphenyl.
aThe potencies of the individual congeners were determined relative to

2,3,7,8-TCDD for several different Ah receptor-mediated responses.
bProposed by Safe (46)

relative to a standard toxin, 2,3,7,8-TCDD. The PCDD/PCDF ex-
tracts from most environmental samples primarily contain the
2,3,7,8-substituted tetra-octachlorinated compounds, and indivi-
dual TEF values have been derived for all of these congeners.
The validation of the TEF approach for risk assessment of
PCDDs and PCDFs has been reviewed (46), and there is strong
evidence that this approach is useful for predicting TCDD-like
responses.
Tanabe and co-workers (140-144) first used a TEF approach

for assessing the TCDD or toxic equivalence (TEQ) ofPCBs in
the commercial mixtures and in environmental extracts (note:
TEQ = E [PCDD x TEF] + E[PCDF x TEF]). The TEF
values adopted for the coplanar and mono-ortho coplanar PCBs
were derived from the relative potencies ofthese compounds as
inducers ofAHH or ethoxyresorufin O-deethylase (EROD) ac-
tivities in rat hepatoma H-4il E cells compared to 2,3,7,8-TCDD
as the toxic reference standard (145).

Recently, Safe (46) summarized the TEF values for the
coplanar and mono-ortho coplanar PCBs (Table 1) and, based on
the range of values, the following TEFs were proposed:
3,3 '4,4 '5-pentaCB, 0.1; 3,3 '4,4 '5,5 '-hexaCB, 0.05;
3,3 ',4,4 '-tetraCB, 0.01; mono-ortho coplanar PCBs, 0.001. These
values are highly conservative and will require modification as
new data become available. In addition, it should be stressed that
the TEF approach applies only to those congeners that act
through the Ah receptor and is applicable only to TCDD-like
responses.
One ofthe earliest applications of the TEF approach was used

to determine the contribution ofPCB congeners to the total TEQs
in samples containing PCBs, PCDDs, and PCDFs (140-144,
146-153). Initial results indicate that in most environmental ex-
tracts, PCBs contributes a significantly higher percentage ofthe
total TEQs than the PCDD plus PCDFs (combined). A recent
paper by Dewailly and co-workers (146) identified six major
coplanar and mono-ortho coplanar PCBs in human milk
(3,3',4,4'-tetraCB, 3,3',4,4'5-pentaCB, 3,3'4,4',5,5'-hexaCB,
2,3,3 4,4 '-pentaCB,2,3 4,4'5-pentaCB, and 2,3,3' 4,4'5-
hexaCB), and the TEQ value for these congeners derived from
the TEF values in Table 1 was 37.76 ppt. In contrast, the TEQ
value for all the 2,3,7,8-substituted PCDDs and PCDFs was 13.22
ppt. Thus, the PCBs constituted 74% of the total TEQs in the
human milk samples from the province of Quebec. Recent
studies on extracts from Great Lakes fish and birds (147-153) have
reported that 3,3 ',4,4 '5-pentaCB and 2,3,3 '4,4 'pentaCB were
the major toxic PCB congeners present, and the PCBs con-
tributed significantly more to the TEQs than the PCDDs plus
PCDFs. Moreover, there was a correlation between the repro-
ductive failure in the wildlife populations and the PCB-TEQs.

264
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These results clearly demonstrate the utility ofthe TEF approach
for risk assessment ofPCBs in some environmental samples and
show their possible etiologic role in some adverse effects on
wildlife population. Future studies should focus on further
evaluation and validation ofthe TEF approach for the risk assess-
ment ofPCBs which exhibit IXCDD-like activities. In addition,
the possible role of other structural classes of PCBs on PCB-
induced toxicosis must be evaluated.
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